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Goals

The goal of this project was to develop supported bimetallic/monometallic catalysts for total
oxidation of JP-8 at low temperatures. To achieve this goal, firstly catalysts for model compounds
were developed using a single channel reactor, high throughput experimentation (HTE), quantum
mechanical simulations, and informatics tools. Then the work was extended to more alkanes and
to catalysts in a confined environment.

Overview of Achievements
We have met our aforementioned goals. The research program was founded on several main
pillars discussed below.

1. Development of a High-Throughput Microreactor for Catalyst Screening and Kinetic
Evaluation

In order to screen catalysts, a high-throughput reactor | CFD of Microsystem
would significantly reduce the time for catalyst evaluation. | ressure profile shows
However, one has to ensure that differences seen between |f10W uniformity
microchannels are due to differences in catalysts rather than o
other effects, such as different flow in each channel, transport
effects, etc. With this in mind, one of the earlier goals of this
program was to develop the top-performing high-throughput
microreactor. The design concepts were laid down in our early
publication.!

The effect of distributor and channel positions on flow
uniformity in a high-throughput reactor was studied using a
COMSOL MULTIPHYSICS, CFD package. The best design
was subsequently fabricated and evaluated for propane total
oxidation reaction at low conversions. Comparison of our
design with a literature design was also presented. The results
indicate that the conical distributor performs significantly
better in terms of flow uniformity as compared to the
commonly used disc shaped distributor. The flow uniformity
is improved when the central channel is removed from the f9ure 7: CFD simulation (top) used to

: c e . optimize  the high  throughput
design, indicating that the channel arrangement also affects the microreactor and picture  of the
flow uniformity. The experimental results on flow uniformity fabricated microreactor (bottom).
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are in good agreement with simulation. The deviation in conversion of propane frorri channel to
channel is within experimental error, indicating that the reactor can reliably screen catalysts and
deliver kinetics. Several catalysts were tested for complete propane oxidation using the developed
technology.

2. Development of Detailed Kinetic Models for Total Oxidation of Hydrocarbons

Our ability to understand and eventually predict oxidation of JP-8 on catalysts is severely
limited by the lack of detailed, reliable kinetic models. This shortcoming also undercuts our ability
to develop superior catalysts for catalytic combustion. Prior to our work, associated models for
hydrocarbons larger than methane were rather empirical.

In this work, a microkinetic model was developed for ethane total oxidation, under fuel-lean
conditions on a Pt catalyst using input from density functional theory and Brensted-Evans-Polanyi
linear free energy relations. Our choice of ethane is that it is the smallest paraffin where in addition
to C-H bond cleavage, C-C bond scission much also occur. This diversity in bond breaking can
change the important reaction step compared to methane. The results were publishec in the Ind.
Eng. Chem. Res.?

Reaction orders and the apparent activation

hermal energy estimated from the model were in good

CH4CH, - ----—» "CH,CH,*  ——— ODH

55 41 e Oxidation agreement with experimental values obtained
-H* H* s C-C Cleavage in our laboratory. The inclusion of oxygen
CH,CH* CH,CH,* Desorption  ¢4verage effects on the activation of ethane
l“’f 198 changes the rate-determining step from thermal
H Wl dehydrogenation to oxidative dehydrogenation
CHaC* Ghear of ethane where O-assisted removal of H
iog_ / % controls the rate. So we have shown for the first
-HO* time that including coverage effects in total
CHzC* =20 oxidation is important. We have found that
+o* CHZCOH* significant portion (30%) of the reaction flux
0”' +of 100 proceeds via oxygen insertion reactions to C;
CHC* CH cor? " hydrocarbons (CH2C*), something that has not
- H* been anticipated or proposed earlier (see Figure

-c* . 2).
Cé*q&,f ki 5,00 Our results provide clear take-home
62 OH* messages. First, they show that ethane, despite
f}?z*(‘; e s b - being a larger hydrocarbon and exhibiting C-H
C* 100 b i and C-C bond scissions, has the same rate-
2 » o determining step with methane. Thus, our
COOH*"’T&T e findings strongly support the concept of a

~ homologous series where hydrocarbon
activation is the most kinetically relevant step.
Second, aside from the carbon, C, binding

+% l+o*
"7 100™ CO,* =—CO, (g)

Figure 2: Reaction mechanism predicted from the

microkinetic model (with O* coverage effects on barriers).
The numbers on the arrows indicate the percentage of
reactant converted via that pathway.

energy, the oxygen, O, binding energy may also
be important in finding better catalysts. We
explore this in the next pillar of our work.



3. Development of Superior Catalysts for Total Oxidation of Hydrocarbons

Despite significant research efforts, predicting bimetallic catalysts with superior performance
rationally remains a challenging task. In this study, we combined the strengths of high throughput
experiments, density functional theory calculations, and simple informatics tools (see Figure 4)
synergistically for predicting novel core-shell catalyst structures of bimetallics. In addition the
catalyst stability was considered. We have combined insights from the modeling studies in Task 2
with density functional theory to down select catalysts that are both active and selective. Propane
total oxidation was employed as a probe, proof-cf-concept reaction. The results were published in
the high impact ChemCatChem journal and the article was featured in the cover of the journal
(Figure 3).}

The methodology we developed is successful in predicting three bimetallic catalysts. Among
them, Ag-Pd is cheaper, more active than the existing most active single metal catalyst (Pt), and
stable at reaction conditions (see Figure 5). Extended X-ray Absorption Fine Structure
characterization confirms the formation of bimetallic alloy. This study provides a path forward for
designing bimetallic catalysts rationally for vapor phase metal catalyzed reactions. One question
is whether the studies on small hydrocarbons we focused on are relevant for JP-8. We believe that
this is indeed the case. This was addressed above in Task 2 based on modeling results. We provide
further experimental evidence next (Task 4).
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Figure 4: Computational screening results to identify Figure 3: Journal cover of our publication.

potential bimetallic structures for propane total oxidation
reaction. The left half-red ellipses indicate bimetallics with
C binding energy near the peak and the right half-red
ellipses indicate bimetallics with the O binding energy
near the peak of the activity map. These results have
been used to select a small number of potentially very
active catalysts.
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4. Homologous Series Experiments

A volcano type relation has been found between turnover frequency (TOF) of total oxidation
of propane and atomic carbon and oxygen binding energies in our previous study (Task 3). The
objective of this study is to explore the hypothesis that there is a correlation among the oxidation
chemistry of hydrocarbons in a homologous series and the results can be applied to dodecane, the
major component of JP-8. Experimental volcano curves are constructed for small hydrocarbons to
test this hypothesis. The results will be published in a future communication.

We tested 7 single metal catalysts for the total oxidation of small hydrocarbons (methane,
ethane, propane, and isobutene using our high throughput reactor system described above. The
TOF of various hydrocarbons at 300 °C as a function of carbon binding energy is plotted in Figure
6. The conversion was maintained below 20% to ensure operation in the kinetic regime. The TOF
for all hydrocarbons tested follows a volcano type relation with respect to the carbon binding
energy. The optimal carbon binding energy required for this reaction is approximately constant
and slightly lower only for isobutane. The TOF changes with carbon number as shown for
Pt/Al,O3 and Pd/Al,O; in Figure 6. The TOF on Pt is very low for small hydrocarbons as
compared that on Pd catalyst. However,

1400 Pta as the carbon number increases, the
1200 ;‘\ ¢ Methane activity on Pt increases at a faster rate than
1000 3 *Pd ® Propane that on Pd and the activity trend reverses

A Isobutane for isobutane. This indicates that larger

= 800 { | ® Ethane hydrocarbons require stronger binding
("3: - | energy to obtain higher activity. The
= | reasons for this trend are not quite clear at
| this point. One reason postulated in the

literature is that the Pt has a maximum

pre-exponential at propane whereas the

pre-exponential of Pd monotonically
decreases with carbon number.* Our data

' Carbon binding energy, eV _ is consistent with the fact that the
Figure 6: Turnover frequency of conversion of various e rimental d t . £
hydrocarbons as a function of Carbon binding energy. RPCEncn csorplion  energies o

hydrocarbons on Pt(111) increase with
increasing carbon number.’
In conclusion, a volcano type relation is observed with all the hydrecarbons tested. The carbon
binding energy is approximately fixed indicating that the best catalyst descriptors remain
approximately fixed for the entire homologous series.

S. Metal Encapsulated Zeolite Catalysts

In the quest for more active catalysts, we have explored the effect of confinement. Several
metal encapsulated zeolite catalysts, synthesized using various methods, were tested for propane
total oxidation reaction. The results will be published in future communication.

Figure 7 shows the conversion of propane as a function of temperature, for the catalysts which
show higher activity than that of 1%Pt/Al,O3 catalyst. The zeolite catalysts synthesized by
hydrothermal method and whose silica to alumina ratio is oo are not as active as the 1%Pt/Al,0;
catalyst. The reason for this lower activity are currently unclear. Yazawa et al.® found that the
activity of supported Pt catalysts increase with acidic strength of the support. The major reason for
this effect is the improvement of oxidation-resistance of Pt with acidic supports. The dependence
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of activity on acid strength support also depends on the metal. For example if the metal in the
supported metal catalysts is Pd, then supports with moderate acid strength give higher activity.’
This could be due to the fact that the less oxidized Pt is good for this reaction whereas Pd should
be in partially oxidized state to obtain high activity. Therefore, the metal-support interactions play
an important role. The zeolite catalysts synthesized by metal complex incorporation are also not
active. The zeolite catalysts synthesized by ion-exchange method are highly active and the activity
is much higher than that of Pt/Al,O3 catalyst.

Based on this data, we short-listed four ion-exchanged zeolite catalysts to study further. We
used very low weight fraction of Pt (~0.1%) to avoid light-off conditions. Figure 7 shows the
conversion of propane with temperature along with that on Pt/Al2O3 for comparison. Even though,
the amount of platinum in the metal encapsulated zeolites is very low as compared that of
1%Pt/Al>O3, the conversion on zeolite catalysts is much higher compared to that on Pt/Al,Os.
The TOF with all the zeolite catalysts is very high as compared to that on 1%Pt/Al,O3 catalyst.
The rate on Pt/Beta with silica to alumina ratio of 25 is the highest and is at least two orders of
magnitude higher than that on 1%Pt/Al,O3 catalyst. The higher rate on zeolite catalysts could be
attributed to higher propane uptake by zeolite catalysts.® Other reasons for this higher activity
could be metal-support interactions which could modify the electronic and geometric properties of
metals inside the zeolite pores. Confirmation of such properties require further study using

advanced characterization techniques such as in-situ FTIR of adsorbed CO, EXAFS and XPS.
100
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go |® 0.1%Pt/Beta_38
A 0.1%Pt/HY
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Figure 7: Propane conversion as a function of
temperature on short-listed metal encapsulated
zeolite catalysts (see Table 3). Pt/Alz03 is also
included for comparison.
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